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ABSTRACT
We use two-dimensional hydrodynamical simulations to investigate the prop-
erties of dense ejecta clumps (bullets) in a core collapse supernova remnant,
motivated by the observation of protrusions probably caused by clumps in the
Vela supernova remnant. The ejecta, with an inner flat and an outer steep power
law density distribution, were assumed to freely expand into an ambient medium
with a constant density, ∼ 0.1 H atoms cm−3 for the case of Vela. At an age of
104 yr, the reverse shock front is expected to have moved back to the center of
the remnant. Ejecta clumps with an initial density contrast χ ∼ 100 relative to
their surroundings are found to be rapidly fragmented and decelerated. In order
to cause a pronounced protrusion on the blast wave, as observed in the Vela
remnant, χ ∼ 1000 may be required. In this case, the clump should be near the
inflection point in the ejecta density profile, at an ejecta velocity ∼ 3000 km s−1.
These results apply to moderately large clumps; smaller clumps would require
an even larger density contrast. Clumps can create ring structure in the shell of
the Vela remnant and we investigate the possibility that RX J0852–4622, an ap-
parent supernova remnant superposed on Vela, is actually part of the Vela shell.
Radio observations support this picture, but the possible presence of a compact
object argues against it. The Ni bubble effect or compression in a pulsar wind
nebula are possible mechanisms to produce the clumping.
Subject headings: hydrodynamics — supernova remnants — supernovae: general
— ISM: individual (Vela supernova remnant)
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1. INTRODUCTION
There is widespread evidence that the ejecta of core collapse supernovae are clumpy. The
oxygen line profiles in the nearby Type II supernovae SN 1987A (Stathakis et al. 1991) and
SN 1993J (Spyromilio 1994; Matheson et al. 2000) showed evidence for structure, implying
that the gas is clumped. The velocity range for the emission extends to 1, 500 km s−1 in
SN 1987A and −4, 000 km s−1 in SN 1993J. Similar evidence for clumping has been found
in the Type Ib supernova SN 1985F (Filippenko & Sargent 1989). Among young supernova
remnants, Cas A is the prototype of the oxygen-rich SNRs, which show evidence for freely
expanding, oxygen-rich ejecta in clumps (Chevalier & Kirshner 1979). Puppis A, with an
age ∼ 3, 700 yr, is a more elderly example of such a remnant (Winkler et al. 1988). The
finding of a neutron star in the remnant demonstrates that it is a core collapse supernova
(Pavlov, Zavlin, & Tru¨mper 1999).
Clumping of the ejecta is also found in the Crab Nebula, in which the ejecta have been
swept up and compressed by a pulsar wind bubble. When a remnant with clumpy ejecta
runs into the surrounding medium, the clumps can be expected to move ahead of the blast
wave created by the smooth ejecta. An apparent case of such evolution involves X-ray and
radio observations of the Vela supernova remnant (SNR). The finding of protrusions around
the periphery of the remnant is best explained by ejecta clumps (Aschenbach, Egger, &
Tru¨mper 1995; Strom et al. 1995). X-ray spectra of one of the protrusions shows evidence
for an enhanced Si abundance, confirming the ejecta clump picture (Tsunemi, Miyata, &
Aschenbach 1999). Kundt (1988) had discussed the possibility that supernovae are explosions
of ‘shrapnel,’ giving rise to a complex outer boundary.
Another development is the finding of an apparent young remnant superposed on the
Vela remnant (Aschenbach 1998; Iyudin et al. 1998). Aschenbach (1998) found the object,
RX J0852.0–4622 (hereafter abbreviated to RX J0852), in the ROSAT image of Vela by
restricting the photon energies to those > 1.3 keV. An shell source then appears. There
is some emission from other parts of Vela, including one of the bullets (Aschenbach et al.
1995), but it is less prominent. Iyudin et al. (1998) independently found evidence for a
young remnant in this region by the detection of 44Ti emission, making it the second young
remnant observed in this line after Cas A. The strength of the emission, together with the
remnant properties, require a distance of ∼ 200 pc and an age of ∼ 680 years (Iyudin et
al. 1998; Aschenbach, Iyudin, & Scho¨nfelder 1999). However, Scho¨nfelder et al. (2000) have
recently reanalyzed the COMPTEL data on RX J0852 and found that the results depend on
the method of analysis. They conclude that the evidence for a 44Ti signal from RX J0852
is at the 2σ − 4σ significance level and that an independent discovery of a 44Ti supernova
remnant cannot be claimed. In view of these uncertainties, here we investigate a model
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where RX J0852 is not a young remnant in its own right, but is a part of the Vela remnant,
perhaps created by a fast moving clump of ejecta.
The well-defined protrusions around the Vela remnant are suitable for hydrodynamic
modeling and that is the main subject of this paper. The aims are to elucidate the properties
of the interaction and to place constraints on the properties of the ejecta clumps. The work
is related to that of Wang & Chevalier (2001; hereafter WC01) on instabilities and clumping
in Type Ia SNRs, especially Tycho’s remnant. The differences here are the supernova profile
appropriate to a core collapse event, the greater age of Vela, and presence of well-defined
protrusions. In § 2, we present our computational setup and the method. The evolution of
nonlinear inhomogeneities is given in § 3. The application of these results to the protrusions
in Vela is in § 4. In § 5, we discuss the possibility that the apparent SNR RX J0852 is related
to clump interaction with the forward shock front of the Vela remnant and is not a separate
SNR. Our conclusions and discussion of future propects are in § 6.
2. SUPERNOVA DENSITY STRUCTURE AND METHOD
The existence of the Vela pulsar near the Vela remnant’s center implies a supernova
origin in gravitational core collapse. For such supernovae, a strong shock wave passes through
the star, leading to two density components: an inner flat portion and an outer power law
profile (e.g., Chevalier & Liang 1989):
ρSN =
{
Ft−3 v < vtr
Ft−3(v/vtr)
−n v > vtr
(1)
where
F =
1
4pin
[3(n− 3)M ]5/2
[10(n− 5)E]3/2
, (2)
vtr =
[
10(n− 5)E
3(n− 3)M
]1/2
, (3)
vtr is the transition velocity between the two density components, and v = r/t is the flow
velocity. The initial supernova explosion powers a spherical expansion of the ejecta so that
a gas element expands freely with a constant velocity and its density drops as t−3. The
ejecta density structure is determined by three parameters: the density power index n, the
supernova’s total explosion energy E, and the total ejecta mass M . The power law index n
is generally taken to be in the range 7−12. For Vela, we take n = 8; the flat component then
comprises 5/8 of the total ejecta by mass. A better representation of the density distribution
would be to allow for a continuous change from the inner flat profile to the outer power law
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part, as expected in a realistic situation. Matzner & McKee (1999) have made calculations
of such profiles for core collapse supernovae. However, we do not expect that the our results
on clumps are substantially affected by the details of the background density profile.
The interaction between an outer power law ejecta profile with n > 5 and a constant
ambient density ρam gives rise to an intershock solution that evolves in a self-similar way
(Chevalier 1982). With n = 8 ejecta, the characteristic radii of the intershock structure
evolve as
R = A
(
E5
ρam2M3
)1/16
t5/8, (4)
where A is 1.08, 0.94, and 0.89 for the forward shock, the contact discontinuity, and the
reverse shock, respectively. The self-similar phase ends when the inner flat ejecta run into
the reverse shock at the time
tc = 0.29
(
M5
ρam2E3
)1/6
. (5)
The reverse shock then starts to propagate back to the explosion center relative to the
self-similar expansion.
The computational methods in this paper are similar to that of our previous study on
Type Ia SNRs (WC01). We place density inhomogeneities in the unshocked, freely expanding
ejecta to track the clump-remnant interactions at later times.
To acquire the one-dimensional intershock solutions, we initiated the computation with
a freely-expanding power law density profile n = 8 representing the ejecta on the inner side of
the grid, and a stationary ambient medium on the outer side. The inner numerical boundary
condition was changed to accomodate the transition to flat ejecta after the time tc. The one-
dimensional intershock profile was then used to initiate two-dimensional simulations. The
grid was radially expanding, following the intershock boundaries. We neglected the effects
of magnetism, heat conduction, and radiation. The gas pressure in the unshocked gas is
not important compared to the kinetic energy. The filamentary optical emission from Vela
indicates that there are radiative shock waves in the remnant. These probably represent
cloud interaction, as there is evidence for a number of density components in the shocked
gas, but much of the shock interaction may be nonradiative (see § 4). Our assumption of no
radiation is a first approximation to the evolution. We used an adiabatic index γ = 5/3.
Although our simulations are for a particular set of parameters, through scaling we
can obtain solutions corresponding to various explosion parameters and ambient densities.
The scaling parameters follow those of Dwarkadas & Chevalier (1998) and WC01 (see also
Truelove & McKee 1999): we define R′ = (3M/4piρam)
1/3, V ′ = (2E/M)1/2, and T ′ =
R′/V ′, to describe the solution in the nondimensional quantities r′, t′, and v′, where r′ =
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r/R′, t′ = t/T ′, and v′ = v/V ′. For example, for an ejected mass of 10 M⊙, an explosion
energy of 1051 ergs, and an ambient density of 2.34× 10−24 g cm−3 (corresponding to nH =
1 cm−3 with a H/He ratio of 10/1 by number) along with n = 8, R′ = 4.1 pc, V ′ =
vtr = 3162 km s
−1, and T ′ = 1271 yr. The nondimensional solutions can be re-scaled back
to the dimensional solutions corresponding to a different set of explosion conditions; the
nondimensional solution sequence thus represents all possible dimensional solutions with
varying sets of initial parameters.
3. EVOLUTION OF CLUMPS
3.1. Numerical Simulations
One-dimensional simulations illustrate the overall hydrodynamic situation in which
the clumps are placed. Fig. 1 shows the evolution of characteristic radii for our one-
dimensional simulations. The self-similar phase occurs for t′ . 0.7, when both the forward
and reverse shock move steadily with a constant expansion parameter m = 0.625, where
m = (dR/dt)/(R/t). At t′ ≈ 2.5 the reverse shock starts to turn over in a fixed frame.
At t′ = 5.7, the reverse shock reaches the explosion center. The expansion approximately
reaches the Sedov phase at t′ ≈ 10.
In the absence of clumps, our two dimensional simulations show the Rayleigh-Taylor
instabilities that are expected when the ejecta are decelerated by their interaction with the
surrounding medium. These instabilities have been well described in previous numerical
studies (Chevalier, Blondin, & Emmering 1992; Jun & Norman 1996; Kane, Drake, & Rem-
ington 1999; WC01). One aspect of the present work is the inclusion of a flat portion of
the density profile. When the reverse shock front enters this part of the density profile, the
instabilities begin to decay, as in the case of an exponential density profile (WC01). The
unstable flow provides a background for our simulations of clump interaction. Fig. 2 shows
angle-averaged radial density profiles superposed on the one-dimensional density profiles at
4 times; the first 3 times are ones at which the clump passes the reverse shock front in our
simulations.
In the simulations, we aim to reproduce the initial conditions for Vela’s bullets, although
our results should also be applicable to other supernovae. Our method is similar to that used
in our discussion of Type Ia supernovae (WC01). The differences here are the density profile
for a core collapse supernova, the need for significant protrusions in the outer shock front,
and the greater age of the remnant. We placed dense regions in the ejecta to represent
clumps in order to examine their hydrodynamical interaction with the remnant. The clumps
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were initiated at the polar angle θ = 45◦. Although the nonzero polar angle makes a toroidal
clump in our two-dimensional simulations, the dynamics of such a cloud are likely to be
similar to those of a spherical cloud (WC01). In our simulations, the grid lines were set
linearly expanding from the inner grid boundary so that the zone spacing was kept uniform
with time. We used 1/2 of a quadrant or ∼1 quadrant centered at θ = 45◦. To prevent the
reverse shock from being reflected from the side boundaries as it turned over, we applied
periodic boundary conditions to these boundaries.
The global evolution can be determined by three parameters: the initial density contrast,
χ, between the clump and supernova ejecta; the initial impact time with the reverse shock,
t′0; and the initial size of the clump. We typically took α0 = 1/3, where α0 is the ratio
of clump size to the intershock width between the forward and reverse shocks, at the time
that the clump reaches the reverse shock front. Table 1 gives the corresponding ratio of the
clump size to its radius. The deceleration of a shocked clump is determined by the drag
of the surrounding material. A denser and larger clump is more able to resist crushing.
Once the shocked clump laterally expands into a crescent shape, its cross sectional area
and drag are increased, and it becomes significantly decelerated. In the cases of Type Ia
SNRs (WC01), clumps with α0 ≤ 1/3 are found to require χ & 100 to survive crushing
and cause a significant protrusion on the forward shock. Here we similarly examine the
initial density inhomogeneity for Vela’s bullets. We initiated clump interactions at various
dynamical epochs, with χ up to 1000 and α0 up to 1/3 (Table 1).
Figs. 3 and 4 show the interaction with a single clump for χ = 100 and χ = 1000
with α0 = 1/3. The basic physics of the interaction is related to that for the interaction of
planar nonradiative blast waves with an interstellar cloud (Klein, McKee, & Collela 1994).
As the clump impacts on the reverse shock, a transmitted ‘cloud shock’ is driven into the
clump and crushes it. A larger density contrast between the clump and the interclump
medium causes a larger velocity difference, helping the development of a shear flow and
the Kelvin-Helmholtz instability at the cloud-intercloud interface. When the cloud shock
exits the cloud, a rarefaction wave moves back into the clump and causes lateral expansion.
The cloud gradually becomes flattened and curved like a crescent. Material streams out
from the horns of the crescent; the ram pressure difference between the axis and the side
of the cloud drives the mass loss. The pressure near the cloud axis was higher because of
the additional ram pressure on the front face of the clump. At the rear of the clump the
flow became turbulent and left a trail of vorticies. The acceleration leads to the Rayleigh-
Taylor instability on the upstream side of the clump. The combined instabilities lead to the
destruction of the clump.
The clump-remnant interaction has two regimes based on the intershock structures: the
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steep power law regime, when the shocked region is self-similar, and the flat density regime.
During the power law regime, the fragmentation process does not depend on the initial
dynamical age, because the profiles of the physical variables remain constant. For a given
clump size/radius ratio and χ, the evolution can be scaled to other radii and times. During
the flat density regime, the ratio of the density at the reverse shock to that at the forward
shock decreases (Fig. 2), and clumps must traverse a relatively larger column density of
matter to reach the forward shock front, so that a clump with a given value of χ is more
effectively stopped by the swept up surrounding medium. Clumps initiated earlier are thus
able to cause protrusions in the forward shock with a smaller density contrast. This is similar
to the case of Type Ia SNRs (WC01).
For the cases listed in Table 1 with χ = 100, we found that (a) in the power law regime
for t′0 = 0.004 and t
′
0 = 0.028, the forward shock restores spherical symmetry by t
′ = 0.3;
(b) for t′0 = 0.8, as the reverse shock has just entered the flat ejecta, the protrusion reaches
its maximum strength at t′ = 4.0, with an extent of < 30% in radius; (c) for t′0 = 1.4, the
protrusion is less than 20%; (d) for t′0 = 2.22 and t
′
0 = 4.1, the clump is quickly destroyed and
does not affect the forward shock. At this stage, the reverse shock has started propagating
back to the explosion center.
When the clump initial density was increased to χ = 1000, clumps initiated early in the
power law regime remain ineffective in causing a protrusion after t′ ≈ 1. The t′0 = 0.8 clump
produces the strongest protrusion at t′ ≈ 5 − 10. Although the remnant outline can also
be disturbed in other cases over a large expansion factor, the t′0 = 0.8 case can best cause
a protrusion lasting to times t′ & 5. To reproduce a 40% bulge at the present epoch in the
Vela remnant, presumably at t′ ≈ 5 (see § 4), the initial clump-reverse shock impact should
take place close to the transition between the power law regime and the flat regime. The
reverse shock wave encounters the transition point at t′ = 0.7.
One property of the flow after the clump moves ahead of the forward shock front is that
the pressure is low immediately downstream from the clump. In our model with t′0 = 0.028
(or other cases in the self-similar phase) and χ = 1000, the pressure ratio between the head
of the clump and the minimum pressure downstream region is 20 − 300 for t′ in the range
0.05− 0.5. As the clump is broken up, the low pressure region moves downstream from the
clump and occurs in parts of the flow with a large vortical motion. The low pressure regions
also have a low density.
We have compared our lower resolution runs with 300 by 300 zones to runs with 600 by
1000 zones (Fig. 5). At higher resolution, more structure appears in the flow, but the larger
scale results and the density contrast that we determined are not changed. Fig. 5 shows
that there is a narrow protuberance at the leading part of the flow at higher resolution, but
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it does not ultimately lead to a substantially more extended protrusion. X-ray and radio
observations of supernova remnants may eventually be able to delineate the outer shock front
for comparison with simulations, although the unknown structure of the clump could be a
factor in the result.
3.2. Interpretation
In the case of a cloud that is passed over by a blast wave (Klein et al. 1994), the
destruction of the cloud occurs on several cloud crushing times. The destruction time is
approximately the time at which we expect strong deceleration of a clump. The velocity of
the shock in the cloud is determined by the surrounding pressure, which is ∼ ρamv
2
b , where vb
is the velocity of the blast wave. In the present case, when the clump has extended beyond
the forward shock wave radius, the ram pressure at the head of the clump is ∼ ρamv
2
c , where
vc is the clump velocity in the fixed frame and ρam is the density outside the forward shock
wave. Before the clump reaches the outer shock, it is in the hot shocked shell and the total
pressure experienced by the clump is given by the local value of p + ρv2rel, where vrel is the
relative velocity between the clump and the surrounding medium. During the early self-
similar phase, both the forward and reverse shock radii increase as tm, where m = 5/8 for
n = 8. Using the postshock conditions at the reverse shock (p = 0.75ρr[1−m]
2R2/t2, ρ = 4ρr,
vrel = 0.75[1−m]R/t), we find p+ρv
2
rel = 3ρr(1−m)
2R2/t2, where ρr is the preshock density
at the reverse shock and R is the reverse shock radius. The value of p+ρv2rel = 0.42ρrR
2/t2 for
n = 8 stays fairly constant in the shocked region (Chevalier 1982). For n = 8, ρr/ρam = 2.1
(Table 1 of Chevalier 1982) and the clump is freely expanding so that vc = R1/t1, where R1
is the reverse shock radius when the clump reaches the reverse shock at time t1. Then clump
then initially experiences a total pressure of 0.9ρamv
2
c . These considerations show that the
clump experiences a fairly even total pressure after it moves through the reverse shock.
Another property of the clumps in our case is that they are initially uniformly expanding,
so that their density decreases as t−3. If the clumps travel a significant radial distance, this
change is important. If a clump reaches the reverse shock front (radius R1) at time t1 and it
continues to move at a constant velocity, it reaches the forward shock (radius 1.21R1 moving
as t5/8 for n = 8) at time 1.66t1. There is some evolution of the density and the properties
of the shocked shell during this time.
We now consider an approximate model for the crushing of a clump. A clump moving
with velocity vc reaches the reverse shock front at time t1 when its size is a1 and density is ρ1.
If the cloud is crushed rapidly compared to t1, the crushing time is tc1 ≈ a1v
−1
c (ρ1/ρam)
1/2.
If the clump is more long-lived, the variation of the clump size, a, in the frame of the clump
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can be estimated from the equation of motion for the shock position in the expanding clump:
da
dt
=
a
t
− vc
(
ρam
ρ1
)1/2 (
t
t1
)3/2
, (6)
with the solution
a = a1
t
t1
−
2vc
3
(
ρam
ρ1
)1/2
(t3/2 − t
3/2
1 )t
t
3/2
1
. (7)
The shock is initially carried out by the clump expansion, but the decrease in density even-
tually leads to a relatively rapid compression of the clump. The clump is crushed (a = 0) at
time
tcr = t1
(
1 +
3tc1
2t1
)2/3
, (8)
where tcr is now measured from t = 0. We have ρ1/ρam = 2.1χ during the self-similar
phase, so tcr ∝ a
2/3
1 χ
1/3 when 3tc1 > 2t1. For the self-similar case with a1/R1 = 0.075,
we find tcr ≈ t1(1 + 0.16χ
1/2)2/3; for χ = 1000, tcr = 3.3t1. Once the clump is crushed,
the initial expansion is no longer a factor and we expect clump “destruction” on several
crushing times, as in Klein et al. (1994). This is in accord with the stopping times noted
above. Denser clumps are expected to be more robust given the same mass, because the
initial cloud crushing time is tc1 ≈ χ
1/2a1/vc and χ ∝ a
−3
1 for a fixed mass, so that tc1 ∝ χ
1/6.
4. THE VELA SUPERNOVA REMNANT
The Vela SNR is a middle-aged Galactic SNR. Its overall emission shows an extended
circular limb-brightened shell similar to the Cygnus Loop, and a pulsar-powered nebula Vela
X like the Crab Nebula. We take the age to be the characteristic spin-down time of the
Vela pulsar PSR B0833-45 assuming magnetic dipole radiation, 11400 yrs (Reichley, Downs
& Morris 1970). Lyne et al. (1996) have measured a braking index of n = 1.4± 0.2 for the
pulsar, which would suggest a larger age, but the result is uncertain. Recent studies suggest
a distance of 250 pc (Cha, Sembach & Danks 1999), placing Vela the closest SNR to Earth.
The observed diameter of 8◦ (Aschenbach et al. 1995) gives it a radius of 17 pc.
There are the six X-ray bullets or knots (Aschenbach et al. 1995) protruding beyond
the remnant boundary by up to 40% of the blast wave radius. Of these, 5 have been
detected at radio wavelengths (Strom et al. 1995; Duncan et al. 1996). In the radio,
knot A, which lies 5.3◦ from PSR 0833-45, is especially prominent and shows a greater
extent than at X-ray wavelengths. Knots A and E extend beyond the remnant edge by
1.2◦ and 2.4◦, respectively. The trailing Mach cones indicate that the knots have moved
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supersonically through their surroundings. The symmetry axes of these knots intersect close
to the remnant’s geometric center, suggesting an association with the supernova, rather than
with density inhomogeneities of the surrounding medium. The finding of a Si overabundance
in knot A (Tsunemi et al. 1999) and O, Mg, and Si overabundances in knot D (Slane et
al. 2001b), as deduced from X-ray observations, also provides strong support for an ejecta
clump origin for these features.
Recent Chandra observations show that the pressure in the head region of knot A is
∼ 10 times higher than that in the tail region (Miyata et al. 2001). As discussed in the
previous section, a pressure differential of this magnitude is expected to be present between
the head and downstream region of a fast knot. The morphology of knot A and its trail
indicates that it is still in an early expansion phase and has not yet greatly decelerated and
spread laterally. The tail region observed by Miyata et al. (2001) is immediately downstream
from the bright head region. This is the region where is low pressure is expected, before the
strong deceleration. The pressure observations thus support a picture with fast clumps, as
opposed to structure formed by an inhomogeneous blast wave.
A limitation of our models is that we have assumed a constant density surrounding
medium, although there is evidence that the surroundings of Vela are inhomogeneous. Dif-
ferent densities have been deduced from observations at different wavelength regions. From
X-ray observations, where hot low density gas is observed, Bocchino et al. (1999) claim the
presence of an ambient intercloud medium with n0 = 0.03 cm
−3 and denser inhomogeneities
with n0 = 0.13 cm
−3. Raymond et al. (1997) have studied a face-on radiative shock wave in
the remnant at optical and ultraviolet wavelengths, finding a shock velocity of 170 km s−1
and an ambient density of n0 = 2.7 cm
−3. H I observations by Dubner et al. (1998) indicate
the presence of a partial shell of neutral gas moving at 30 km s−1; they deduce a preshock
hydrogen density of n0 ≈ 1−2 cm
−3. Dubner et al. (1998) argue that the neutral gas makes
up a shell of material, but the multiwavelength observations and the low velocity suggest
that this represents the shock front moving into clouds.
Vela is the result of a core collapse supernova, so that it is likely that the progenitor
star was massive and affected its environment through photoionization and stellar winds
(e.g., Gvaramadze 1999). It is possible that the partial H I shell is related to such effects.
However, the assumption of a constant density surroundings with density 0.1 − 0.2 cm−3
provides a first approximation for the dynamics. Because of the appearance of the Vela X
pulsar nebula and the displacement of the pulsar from the nebula, Blondin, Chevalier, &
Frierson (2001) argued that the reverse shock front in Vela has returned to the center and
affected the pulsar nebula. From Fig. 1, this requires t′ & 5.7 for Vela. At this phase, the
remnant is not well into the Sedov blast wave regime, so in Fig. 6 we show the required
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ambient density and explosion mass in order to obtain a particular value of t′, for an energy
of 1051 and the current radius of Vela. For n0 = 0.1 cm
−3, E = 1051 ergs, and M = 8 M⊙,
the reference quantities discussed in § 2 are R′ = 8.2 pc, V ′ = vtr = 3, 540 km s
−1, and
T ′ = 2, 280 yr. The age is t′ ≈ 5. The fact that the protrusions extend to ∼ 40% of the
remnant radius and the considerations of the previous section imply clump velocities in the
freely expanding ejecta of ∼ 3, 000 km s−1.
Our models assume that radiative cooling is not important for the evolution. The
pressure-driven snowplow, or radiative cooling, phase is expected to begin at a radius (e.g.,
Cioffi et al. 1988)
RPDS = 37
(
E
1051 ergs
)2/7 ( n0
0.1 cm−3
)−3/7
pc, (9)
which is consistent with Vela currently being in the nonradiative phase. However, radiative
shocks are present where the remnant in running into denser interstellar gas. The protrusion
‘D’ appears to be driving a radiative shock wave into the surrounding medium on one side
(Redman et al. 2000), which we attribute to an interstellar inhomogeneity.
The density in the inner, flat part of the supernova density profile can be obtained from
equation (1). The density of a clump in this region is
ρcl = 6× 10
−24
( χ
103
)( M
8 M⊙
)5/2 (
E
1051 ergs
)−3/2(
t
104 yr
)−3
g cm−3. (10)
An estimate of the cooling rate at the present time, taking into account O-rich gas with
a temperature of (3 − 6) × 106 K (Aschenbach et al. 1995; Tsunemi et al. 1999) yields a
cooling time somewhat larger than the age using the equilibrium cooling curve for an O gas
(Borkowski & Shull 1990). This is consistent with the lack of optical emission that might be
associated with heavy element gas. However, the cooling for a Si gas is more rapid (Hamilton
& Shull 1984) and at an earlier stage of evolution when the protrusion is growing, the density
is higher and radiative effects may be important. A complete treatment of radiative cooling
of a heavy element gas is outside the scope of the present paper.
In our simulations, we have taken a low sound speed in the ambient medium, so that
the motion of the clumps is highly supersonic. The results do not depend on the ambient
sound speed provided the clump velocity is at least moderately supersonic. Aschenbach
et al. (1995) have estimated relatively low Mach numbers for the clumps (2.4–4.0) based
on the opening angles of the observed protrusions. However, those estimates assume that
the clump trail is formed by a clump moving at a constant velocity. We expect that the
clumps initially move out rapidly, but then are decelerated by their interaction with the
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surrounding medium. Since they spend most of their time in the decelerated state, most of
the observed knots are probably strongly decelerated so that the opening angle cannot be
used to determine the Mach number.
5. IS RX J0852 A SEPARATE SUPERNOVA REMNANT?
The ROSAT source RX J0852 is a shell X-ray source that appears in harder X-rays
superposed on the Vela remnant (Aschenbach 1998). Here, we investigate the possibility that
it is part of the Vela remnant. We have found that as an ejecta clump makes a protrusion
in the supernova remnant shell, the ram pressure of the external medium causes instabilities
and lateral spreading of the clump. The clump decelerates and the rest of the blast wave
catches up with it. The deceleration of the clump effectively deposits the kinetic energy of
the clump into the supernova shell. The growth of the disturbance in the main shell can be
seen in Figs. 3 and 4, which show that the outer edge of the disturbance is accompanied
by a region of somewhat higher density. This region has a sharp edge, which is a tangential
discontinuity.
The required properties of the clump can be estimated from observations of RX J0852
and the Vela remnant. The angular diameter of RX J0852 is about 2◦, as compared to the
8◦ diameter of the Vela remnant. The outer diameter of the corresponding radio features is
1.8◦± 0.2◦ (Duncan & Green 2000). The RX J0852 source thus covers ∼ 10−2 of the surface
of the supernova remnant. Assuming a supernova energy of 1051 ergs for Vela, the energy
in the affected solid angle is 1049 ergs. We express the energy deposited by the fast clump
as 1049β ergs where β < 1 because there is little pressure enhancement in the disturbed
region at the times of interest; in fact, β < 0.1 is likely. The clump interaction is in a more
advanced state than that of the current protrusions in Vela, for which we estimated an initial
velocity of ∼ 3, 000 km s−1. If we take the same velocity here, the estimated clump mass
is 0.1β M⊙. The energy and mass are similar to those estimated for the knots in Vela and
their trails (Aschenbach et al. 1995).
The thermal energy in RX J0852 has been estimated from the X-ray emission. Chen
& Gehrels (1999) and Aschenbach et al. (1999) made estimates of the energetics of RX
J0852 based on the assumption that it is a separate supernova remnant and is a 44Ti source.
They found that the estimated energy is low. For their preferred values, Aschenbach et al.
(1999) find an energy of 2.6× 1049 ergs for a distance of 200 pc, although the uncertainty is
large. The fact that the X-ray spectrum of RX J0852 appears to be nonthermal (Allen et
al. 1999; Slane et al. 2001a) means that the X-ray flux actually gives an upper limit on the
thermal emission. The observed X-ray spectrum is Fν ∝ ν
−1.6 (Slane et al. 2001a), which
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corresponds to the steep particle spectrum N(E) ∝ E−4.2 for synchrotron emission. If the
X-ray emission is due to the steeply declining tail of the electron distribution, a relatively
small disturbance in the total energy density may be able to give the observed effect. The
lack of the shell in the complete ROSAT band indicates that there is not a large density
jump. We speculate that the larger shock velocity in the region of the protrusion enhanced
the production of high energy electrons and the observed shell is the remnant of that effect.
The morphology of the source edge in our model is a toroidal region on the surface
of the Vela remnant. In view of the fact that RX J0852 is near the edge of the remnant,
foreshortening of the ring would be expected. The observed shell is not clearly present on
the East side, so this is difficult to test. The observed source does show some elongation in
the expected North–South direction.
A possible problem for our model is that if RX J0852 is the result of a clump interaction,
similar emission regions might be created by other clumps. Yet, the > 1.3 keV image of
Aschenbach (1998) does not show other features similar to RX J0852. In our model, the
clump does not create a shell feature when it is causing a protrusion, but Figs. 3 and 4 show
that as a clump that has caused a substantial protrusion moves back toward the main shell,
there is a density disturbance at the intersection of the protruding shock with the main shell.
Once a clump has decelerated and expanded laterally, the enhanced density ring generated
in the shell is a transient feature that is expected to weaken with age, so that features of this
type may be short-lived. Allen et al. (1999) find that both RX J0852 and the Vela remnant
have similar spectra in the 3 − 12 keV range; it is difficult to distinguish them, providing a
further connection between RX J0852 and the Vela remnant.
The radio emission associated with RX J0852 has been discussed by Combi, Romero, &
Benaglia (1999) and Duncan & Green (2000). Duncan & Green (2000) give a more detailed
discussion and mention several aspects of RX J0852 that make it plausible that it is part
of the Vela remnant: 1) The surface brightness of RX J0852 is similar to that of the Vela
remnant. Before the finding of the X-ray shell, the object was assumed to be part of the
Vela remnant. If the remnant is as close as 200 pc, its radio surface brightness is unusually
low for a supernova remnant, even compared to SN 1006. 2) Radio features of the remnant
appear to join up with those in the Vela supernova remnant. In particular, the eastern edge
continues to the North in a filament that is clearly part of the Vela remnant. Extensions
that Combi et al. (1999) suggested may be part of RX J0852 can be identified as structure
in the Vela remnant. 3) The radio spectral index of the bright North part of RX J0852 is
estimated to be α = −0.4 ± 0.15, where flux Fν ∝ ν
α. This value is unusually flat for a
young supernova remnant, but is comparable to that found in other parts of Vela’s supernova
remnant shell (Dwarakanath 1991). 4) The values of rotation measure and magnetic field
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direction deduced from the radio polarization do not show any discontinuities across the shell
of RX J0852. If RX J0852 is a separate object, it does not contribute to the polarization
properties in this region of the Vela remnant.
The model proposed here for RX J0852 makes a number of testable predictions. One is
that it should not be a source of 44Ti emission at the level that was initially claimed (Iyudin
et al. 1998). This can be tested by observations with the forthcoming INTEGRAL mission.
Another is that X-ray emission from the disrupted clump may be detectable in RX J0852.
Tsunemi et al. (2000) found evidence for a Ca overabundance on one side of RX J0852 from
X-ray observation with ASCA. They attribute the presence of Ca to the decays of 44Ti, but
it is possible that it comes from ejecta clumps. In addition, they note that the lower energy
emission from the region of RX J0852 is very much like that from the Vela remnant and
they suggest that Vela is the source of the emission. From ASCA observations, Slane et al.
(2001a) found evidence for diffuse central emission, but also for a possible compact X-ray
source, which is not expected in our model. Mereghetti (2001) has examined this region
with BeppoSAX and found that the candidate compact star is likely to be an early-type
star, but there is another unresolved source that is possibly a neutron star. Pavlov et al.
(2001) clarified the situation with Chandra observations showing the presence of a compact
X-ray source. They suggest that the central source belongs to the newly emerging class of
radio-quiet young neutron stars. If this identification is confirmed and the source is clearly
linked to RX J0852, the scenario discussed here must be rejected.
6. DISCUSSION AND CONCLUSIONS
Our simulations for the apparent bullets in the Vela remnant show that they are likely
to be ejecta clumps with an initial velocity of 3, 000− 4, 000 km s−1 and a density contrast
χ & 103 compared to their surroundings. Observations of core collapse supernovae show
evidence for such clumps in the heavy element ejecta at an age ∼ 1 year, and we have
assumed here that the clumps form at an early time compared to the age of Vela so that the
clumps are comoving with the surrounding ejecta.
The origin of the clumps is uncertain. The ejecta density structure observed in SN
1987A can be attributed to the Ni bubble expansion effect (Li et al. 1993; Basko 1994). One
prediction of this model is that the expanding low density gas is initially 56Ni, which decays
to Fe. It compresses the nonradioactive ejecta components, which is consistent with the
overabundance of Si observed in bullet ‘A’ (Tsunemi et al. 1999). However, it is not clear
whether the Ni bubble effect can give the required compression ratio in the clumps. Blondin,
Borkowski, & Reynolds (2001) studied the interaction of supernova Ni–Fe bubbles with a
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surrounding medium. They found deformation of the outer shock front, but not the type of
protrusions observed in the Vela remnant. However, their calculations emphasized the low
density bubbles rather than high density regions in the bubble walls. The computations of
Basko (1994) show that the Ni bubble sweeps up a shell with density compression up to a
factor χ ∼ 10. If radiative cooling is not important for the clumps, we find that χ ∼ 103
is needed. If cooling is important, there is less lateral expansion of the clumps and a lower
value of χ is presumably needed to obtain a given protrusion.
Another mechanism that could operate in Vela is the sweeping up of ejecta by a pulsar
bubble, as is observed to occur in the Crab Nebula. In the Crab, the average density of
the ejecta if they were smoothed over the whole volume would be nH ∼ 4 cm
−3, while the
density in ionized filaments is ∼ 103 cm−3 (Davidson & Fesen 1985). The effective density
contrast is thus ∼ 250. If there is cooler, neutral gas in a pulsar bubble, the compression
could be higher. The existence of the Vela pulsar and the Vela X nebula in the remnant
(Bock et al. 1998) shows that clumping by a pulsar nebula is a possibility.
Our finding that clumpy ejecta can produce the protrusions observed in the Vela rem-
nant suggests that there may be similar phenomena in the remnants of other core collapse
supernova remnants. However, we have found that in remnants that are more evolved than
Vela, it is difficult to produce protrusions, so the phenomenon is expected only in relatively
young remnants. There is widespread evidence for optically-emitting ejecta knots in young
core collapse supernova remnants, such as Cas A, N132D, and Puppis A. These are cases
where no pulsar nebula is observed and where a complex interaction with circumstellar gas
appears to be taking place. The finding of protrusions like those around the Vela remnant
may require deeper studies at X-ray and optical wavelengths.
In our picture, clumps move out ahead of the forward shock front in the Vela remnant,
are decelerated, and the forward shock front catches up with them. In this process, the
kinetic energy of the clump is added to the internal energy of the supernova remnant, which
can result in the formation of features in the outer part of the remnant. We suggest that the
apparent supernova remnant RX J0852-4622 superposed on the Vela remnant is structure
in the Vela remnant shell created in this way. Current radio studies indicate that RX J0852
has properties that appear to relate it to the Vela remnant. Further X-ray studies should
show whether its X-ray properties clearly distinguish it from the rest of the Vela remnant.
Confirmation of either a 44Ti excess or a compact object in RX J0852 would show that our
conjecture is incorrect. In addition, spatially resolved X-ray spectra, as is possible with the
Chandra and XMM observatories, will be valuable for showing whether our picture of ejecta
clumps is valid. We expect heavy element clumps to be fragmented by their interaction with
the surrounding medium.
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Table 1: Clump Simulation Parameters
t′ (1) ρc
(2) Rrs
(3) Rfs
(4) vc
(5) αc
(6) Mc
(7)
0.0041 3.086 0.0273 0.033 6.439 7.4% 2.9× 10−5
0.028 2.916 0.0917 0.111 3.151 7.4% 1.1× 10−3
0.80 1.226 0.738 0.901 0.886 7.6% 0.26
1.40 0.229 0.958 1.291 0.638 12.4% 0.41
2.22 0.0553 1.052 1.672 0.411 21.8% 0.69
(1)starting time of the clump-reverse shock interaction
(2)clump density for χ = 1, normalized to the unshocked ISM
(3)radius of the reverse shock normalized to R′
(4)radius of the forward shock normalized to R′
(5)initial clump velocity normalized to V ′ = vtr
(6)ratio of clump size to clump radial distance for α0 = 1/3
(7)clump mass (M⊙) for χ = 1000 and α0 = 1/3 with M = 10M⊙ and E = 10
51 ergs
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Fig. 1.— Evolution of the forward shock, the contact discontinuity, and the reverse shock
radius with time. The dashed line shows the outgoing weak shock wave caused by the
reflection of the reverse shock wave at the center.
Fig. 2.— Angle-averaged two-dimensional density distribution plotted with the one-
dimensional unperturbed solution at four stages of the evolution. The time and radius
use the normalized units given in the text. The density is normalized to the ambient density.
In two dimensions, the reverse shock smears to a smaller radius due to instabilities.
Fig. 3.— Snapshots of a single clump in the ejecta expanding into the shocked region starting
in three dynamical stages at t′0 = 0.028, t
′
0 = 0.80, and t
′
0 = 2.22. The clump has an initial
density contrast χ = 100 to the surrounding unshocked ejecta and a relative size α0 = 1/3
to the intershock width. The grid has 600 radial by 1000 angular zones centered on θ = 45◦.
The first two series (in columns) use 1/2 of a quadrant and the third uses 8/9 of a quadrant.
Fig. 4.— Snapshots of a single clump in the ejecta expanding into the shocked region
starting at the three times t′0 = 0.028, t
′
0 = 0.80, and t
′
0 = 2.22, with an initial density
contrast χ = 1000 and a size α0 = 1/3. The grid has the same resolution as in the previous
plot.
Fig. 5.— A high resolution clump-remnant simulation initiated in the power law regime
at t′0 = 0.028 with χ = 1000 and α0 = 1/3 compared with a low resolution one. The
high resolution grid is 600 radial by 1000 angular zones on 1/2 of a quadrant, and the low
resolution one is 300 by 300 zones.
Fig. 6.— Variation of the dynamical age of the Vela remnant (dimensionless time) with the
ambient density and explosion mass for an explosion energy of E = 1051 ergs. The ambient
density is in units of 2.34× 10−24 gm cm−3.
This figure "cl1-0.gif" is available in "gif"
 format from:
http://arxiv.org/ps/astro-ph/0111373v1
This figure "cl2-0.gif" is available in "gif"
 format from:
http://arxiv.org/ps/astro-ph/0111373v1
This figure "cl3-0.gif" is available in "gif"
 format from:
http://arxiv.org/ps/astro-ph/0111373v1



